Introduction
Major histocompatibility complex (MHC) class I molecules are expressed by all nucleated cells. Structurally, the MHC class I molecule comprises a heavy chain, a light chain, and a short antigenic peptide [1] . Assembly of MHC class I molecules occurs in the endoplasmic reticulum of cells and involves a complex machinery of assembly factors, those encoded within the MHC, as well as generic endoplasmic reticulum chaperones including the lectin chaperones calnexin and calreticulin, and the thiol oxido-reductase ERp57 (reviewed in [2] [3] [4] ). In normal healthy cells, peptides that assemble with MHC class I molecules are derived from the cells own proteins. During infections, a subset of MHC class I molecules becomes associated with pathogen-derived peptides, which serves to activate CD8 þ T cells against self-MHC-pathogen peptide combinations. Downmodulation of MHC class I during infection or tumorigenesis also triggers NK cell activation, a mode of immune surveillance that is called 'missing-self recognition' [5] .
The MHC class I heavy chain locus is polygenic, encoding the human leukocyte antigen (HLA)-A, HLA-B, and HLA-C genes in humans and the H2-K, H2-L, and H2-D genes in mice. Each human gene is highly polymorphic. For example, there are more than 500 known variants of HLA-B genes, more than 200 variants of HLA-A genes, and more than 100 variants of HLA-C genes [6] . Each MHC class I protein binds to a large number of peptides that share similar primary structural features such as the presence of a particular amino acidic residue at a given position of an octamer or a nonamer sequence [7] . Polymorphic MHC class I variants differ in the structures of their peptide-binding grooves, which in turn impacts the specificity of peptide binding [8] . MHC class I polymorphisms have evolved to ensure that immune responses can be generated against a diverse array of antigen peptides. Indeed homozygosity Purpose of review Major histocompatibility complex (MHC) class I molecules control the repertoire and function of CD8 þ T cells and NK cells, and both cell types are involved in transplant rejection. Understanding the regulatory role of MHC class I molecules is important in the design of better therapies. This review article focuses on molecular aspects of alloreactive recognition of MHC class I molecules by CD8 þ T cells and NK cells and on the functional activities of CD8 þ T cells and NK cells in transplant rejection and tolerance.
Recent findings
Recent T cell receptor (TCR)-peptide-MHC class I crystal structures and structural and functional analyses of MHC class I interactions with NK cell inhibitory receptors have revealed new insights into molecular aspects of allorecognition of MHC class I molecules by CD8 T cells and NK cells. In functional studies, CD8 þ T cells and NK cells have been shown to have conditional and model-dependent roles in allograft rejection. NK cells have also been shown to have an unexpected role in tolerance induction in the transplantation setting. Summary Both CD8 þ and NK cells play diverse roles in graft rejection and tolerance induction. Further understanding of molecular interactions between MHC class I molecules and TCRs or NK receptors is important and highly relevant to transplantation. at any locus is associated with negative outcomes during infections [9] .
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MHC class I molecules as ligands for T cell receptors
Through cooperative binding via the CD8 coreceptor, T cell receptors (TCRs) of CD8 þ T cells are able to engage MHC class I molecules on opposing cells in a manner that is exquisitely specific for the MHC class I-associated peptide (reviewed in [10] ). The extracellular regions of the TCR comprise a and b chains that contain immunoglobulin-like constant and variable domains. As with immunoglobulins, variable domains of TCRs arise by rearrangements of V, D, and J gene segments. Hypervariable regions within the variable domains form the combining sites for associations with MHC-peptide complexes (reviewed in [10] ). During their maturation in the thymus, T cells are selected for the abilities of their TCRs to recognize self-peptide-MHC combinations through positive selection but those that are strongly reactive toward self-peptide-MHC combinations are deleted through negative selection. These two selection events help maintain the balance between the ability of T cells to recognize peptides in the context of self-MHC and the ability to maintain self-tolerance. Combined with peripheral tolerance mechanisms, activation of CD8 þ T cells by self-MHC-self-peptide combinations is generally suppressed. In a transplantation setting in which MHC allotypes of the donor and recipient are mismatched, the thymic education process of the recipient does not necessarily eliminate donor MHC-peptidereactive T cells or T cells reactive toward donor peptide-recipient MHC combinations ( Fig. 1) . Thus, allograft-specific peripheral CD8 þ T cells can become activated in some allograft settings, given the right contexts, and can mediate immune attack against transplanted organs. A recent study showed that while CD8 þ T cells generated from transgenic mice that expressed single peptide-MHC class I complexes (H2-K b engineered as a single chain with peptides derived from ovalbumin or vesicular stomatitis virus) were largely specific for H-2 b , reactivity toward H-2 d and H-2 k was also detectable [11 ] . Thus, while a majority of CD8 þ T cells selected by single peptide-MHC class I combinations is specific for the selecting MHC class I molecule, CD8 þ T cells can arise at a low frequency that are capable of crossreactivity toward different MHC class I types. It is noteworthy that whereas T cell clones derived from the transgenic mice expressing single peptide-H2-K b complexes were largely specific for peptides presented by H2-K b molecules, T cell clones derived from mice expressing H2-D b complexes with a normal repertoire of peptides were crossreactive toward H2 d and H2 k at much higher frequencies [11 ] . These findings raise the possibility that the frequency of generation of crossreactive clones is correlated with the diversity of peptides presented by the selecting MHC class I molecule, although additional studies are needed to directly address this possibility.
A crystal structure comparison was recently reported of alloreactive TCR peptide-MHC class I complexes compared to self-peptide MHC class I complexes, which provide new insights into how TCRs interact with self-MHC-peptide and allo-MHC-peptide complexes [12] . Comparisons of the crystal structure of the murine 2C TCR in complex with a self-MHC-peptide (H2-K b -dEV8) or an allogeneic MHC-peptide complex (H2-L d -QL9) revealed that the 2C TCR adopted very similar conformations in the two structures [12] . However, few contacts were found to be shared between the two structures. Although the overall binding geometry was preserved in the two complexes, the details of the contacts were strikingly different in an allocomplex compared to a self-complex. Greater structural complementarity was observed in the allocomplex 2C-H2-L d -QL9 compared with the self-complex 2C-H2-K b -dEV8.
In another recent study [13 ] , crystal structures were solved of complexes between two TCR clones that were both reactive toward the HLA-B8-FLRGRAYGL complex. The memory response to the HLA-B8-FLRGRAYGL epitope in HLA-B8 þ individuals was previously shown to be highly immunodominant, with virtually identical TCR protein sequences being used by 500 Histocompatibility Figure 1 Recognition of donor peptide-donor major histocompatibility complex (a) or donor peptide-recipient major histocompatibility complex (b) combinations by alloreactive T cells of the recipient Donor cells can be directly recognized as in 'a', or alternatively, donorderived proteins can be cross-presented by recipient antigen presenting cells (APCs). Both modes of recognition are relevant to organ transplantation.
CD8 þ T cell clones derived from multiple EBV þ individuals [13 ] . A large number of clones expressing such a 'public' TCR were found to be crossreactive with HLA-B44 allotypes, and furthermore the 'public' TCR sequences were not prevalent in HLA-B8 þ -HLA-B44 þ individuals [13 ] . Although CD8 þ T-cell responses to HLA-B8-FLRGRAYGL were detectable in HLA-B8 þ -HLA-B44 þ individuals, TCR usage was distinct than that in HLA-B8 þ individuals (who did not also express HLA-B44). TCR clones derived from HLA-B8 þ and HLA-B8 þ -HLA-B44 þ individuals (LC13 and CF34, respectively) demonstrated different modes of interaction toward HLA-B8-FLRGRAYGL, as revealed by crystal structures of each complex. LC13 binding focused toward the peptide carboxy-terminus, whereas CF34 binding focused on the peptide amino-terminus [13 ] .
Together, these new structural findings reveal mechanisms of allorecognition at the molecular level, and also reveal how self-tolerance alters recognition modes of the TCR repertoire.
Role of CD8 R T cells in transplant rejection
Transplantation of MHC-incompatible grafts to immune competent recipients triggers the activation of alloreactive T cells, and in the absence of effective immune interventions, the activated T cells mediate robust transplant rejection via several effector mechanisms. It is well recognized that T cells are necessary and sufficient for the initiation of transplant rejection but graft destruction often involves many other cell types including cells in the innate immune system such as NK cells and macrophages [14] . Thus, the relative significance of various cell types in the rejection response and their complex interactions in conferring tolerance resistance are an interesting and important issue in transplant research. It is generally believed that CD4 þ T cells, upon activation by alloantigens, differentiate into functionally different subsets (e.g., Th1, Th2, and Th17) that mediate transplant rejection by producing powerful pro-inflammatory cytokines as well as by recruitment of innate inflammatory cells into the graft. In this case, both T cells and innate immune cells contribute to graft damage [15, 16] . Activated CD8 þ T cells often acquire potent cytolytic activities that can induce graft injury by directly killing target cells. Under some conditions, activated CD8 þ T cells can also produce potent inflammatory cytokines (e.g., IL-17) that mediate graft damage [17] . Interestingly, differentiation of activated CD8 þ T cells may require CD4 þ Tcell help, and this appears to be mediated by cytokines produced by activated CD4 þ T cells that are needed for CD8 þ T cell proliferation or by CD4 þ T cell-triggered activation of dendritic cells, which indirectly prime CD8 þ T cells to mediate graft injury [18] .
Depending on models and the degree of MHC mismatch, there have been complex interactions identified to date between CD4 þ and CD8 þ T cells in transplant rejection. In fully MHC-mismatched organ transplants (MHC class I and class II mismatch), both CD4 þ and CD8 þ T cells are activated in response to alloantigen stimulation, they conspire with each other to mediate graft destruction. Prevention of transplant rejection in this setting is more difficult and often requires strategies to target both CD4 þ and CD8 þ T cells. Studies using CD4-and CD8-deficient mice, MHC class I-and class II-deficient mice, or selective depletion of CD4 þ or CD8 þ T cells in various transplant models have demonstrated that CD4 þ T cells are capable of inducing prompt transplant rejection without CD8 þ T cells. However, CD8 þ T cells by themselves are potent effector cells in rejection of some allografts (e.g., skin allografts) but much less effective in rejection of other grafts such as the heart allografts [19] , suggesting that CD8 þ T cells are critical in the rejection response but their roles can be conditional and model dependent.
MHC class I molecules as ligands for NK cell receptors
Natural killer cells are lymphocytes that are involved in the innate immune response. Rather than expressing clonotypic antigen receptors as do B cells and T cells, NK cells express a panel of receptors with activating and inhibitory functions [20] . Several of the inhibitory receptors have specificities for self-MHC class I proteins, and engagement of self-MHC by inhibitory receptors of NK cells counters NK cell activation. This is one of the mechanisms by which NK cells ensure self-tolerance. Human and mouse inhibitory NK-cell receptors, which include the killer inhibitory receptors (KIRs) and Ly49, respectively, recognize polymorphic MHC class I determinants, and genes encoding the receptors themselves are also polymorphic [21, 22] . The KIR2DL1 receptors bind HLA-C molecules with N77-K80 in their heavy chain sequences, whereas KIR2DL2 and KIR2DL3 receptors bind HLA-C molecules with S77-N80 in their heavy chain sequences [23, 24] . Some recent studies indicate that these specificities may not be absolute in the case of KIR2DL2/L3, which can also react with HLA-C molecules containing N77-K80 in their heavy chain sequences [25, 26] . HLA-B molecules are classified into either Bw4 or Bw6 serotypes. The KIR3DL1 receptor is specific for the Bw4 serotype [27] , although not all HLA-B(Bw4) molecules are equivalently recognized (e.g., [28, 29] ). NK cells have the potential to recognize and destroy allogeneic target cells, when target cells lack expression of MHC class I allotypes that are specific for the KIR expressed by NK cell (Fig. 2) . This feature of NK cells that has been used in the immunotherapy of leukemias (reviewed in [30, 31] ). HLA-binding specificities of different allelic variants of several KIR receptors remain incompletely or 
Role of NK cells in transplant rejection
NK cells are frequently found in rejecting allografts but the exact role of NK cells in regulating the fate of an allograft remains poorly understood. In transplant models, NK cells can respond to the allografts by 'missing self' or 'missing ligand' recognition [20, 32] , they possess potent cytolytic function and can also produce copious amounts of inflammatory cytokines such as IFN-g and TNF-a [32] . Thus, NK cells are well qualified to act as effector cells in graft rejection. Indeed, host NK cells are known effector cells capable of rejecting MHC-incompatible donor stem cells in bone marrow transplant models [33] . Similarly, graft-derived donor NK cells can also destroy MHC-mismatched host cancerous cells in leukemia patients who receive bone marrow transplants as a therapy, thus leading to potent graft antileu-kemia effects [34] . In solid organ transplants, the role of NK cells is far more complex. Recent studies have shown that NK cells by themselves are poor effector cells in rejection unless they are deliberately stimulated by IL-15 [35] . However, NK cells contribute significantly to allograft rejection or chronic vasculopathy in models in which CD28 costimulation is absent or T-cell activation is inhibited [36, 37] but the exact mechanism by which NK cells mediate graft injury remains unclear. Adding to the complexity is the recent demonstration that NK cells can be crucial to the induction of transplant tolerance, as tolerance to islet and skin allografts are difficult to induce in the absence of NK cells [38, 39] . We and others reported that host NK cells rapidly kill graftderived donor dendritic cells, thus limiting the direct priming of alloreactive T cells by donor dendritic cells in transplant recipients [38] . Elimination of donor DCs creates a permissive environment for tolerance induction by costimulatory blockade. These studies uncover unexpected complexities amongst donor APCs and host NK cells and alloreactive T cells in transplant models, which demand more in-depth studies on the in-vivo conditions that govern activation of both innate and adaptive immune cells in transplant settings.
Current strategies to block recognition by CD8 R T cells and NK cells
Given a key role of T cells in transplant rejection, various strategies have been designed and tested to target alloreactive T cells in transplant models, and such strategies include blocking initial TCR signals critical to T cell activation (e.g., calcineurin inhibitors), broad depletion of T cells including CD8 þ T cells, antibody-mediated blockade of CD8 molecule, T-cell costimulatory blockade, and blocking growth factor signals required for T cell proliferation [40] . These strategies, either used alone or in various combinations, have demonstrated efficacy in prolonging transplant survival. However, in transplant models in which rejection is mediated by both CD4 þ and CD8 þ T cells, the relative contribution of CD4 þ versus CD8 þ T cells to graft rejection remains an interesting issue and it is often difficult to ascertain how much of the therapeutic effect is due to specific inhibition of CD8 þ T cells, as CD4 þ and CD8 þ T cells often use overlapping signals and mechanisms for activation and proliferation. In experimental models in which rejection is mediated solely by CD8 þ T cells, blocking growth factor signaling by rapamycin or targeting critical costimulatory molecules using blocking antibodies and recombinant fusion proteins can inhibit CD8 þ T-cell activation and induce allograft tolerance [19] . In contrast, antibody-mediated depletion of CD8 þ T cells only prolongs graft survival but fails to induce tolerance [41] . Thus, different protocols are not therapeutically equivalent in blocking CD8 þ T-cell-mediated rejection. Despite recent interests in NK cells in transplant models, we have a limited understanding on the role of NK cells in transplant rejection and tolerance induction. Thus, therapeutic protocols that selectively and specifically target NK cells for the induction of transplant tolerance are still lacking. Given the fact that NK cells are phenotypically and functionally diverse, harnessing the role of NK cells for the purpose of transplant tolerance is unlikely to be straightforward. In addition, they are involved in both graft rejection and tolerance induction, therapeutic strategies that can uncouple the pro-inflammatory and anti-inflammatory effects of NK cells in transplant settings are a clinically important issue. Clearly, given the broad effect of NK cells in transplant models, global depletion of NK cells using depleting Abs is not ideal and may induce unwanted side effects. As the impact of NK cells on transplant outcomes is compelling, there is a need in developing NK-specific protocols as adjunctive therapies to promote transplant tolerance.
Problems associated with current therapies
Current immunosuppressive protocols, while effective in prolonging transplant survival, are fraught with significant sides effects including infections, malignancy, and metabolic disorders, and sometimes these side effects can be life threatening. Furthermore, most transplants are eventually lost to chronic rejection despite life-long immunosuppression. In fact, in spite of drastic improvement in short-term graft survival, current immunosuppressive drugs have made little improvement in long-term graft acceptance [42] . In addition, most of the drugs used by transplant patients are associated with significant toxicities. These problems provide compelling reasons for the development of better and more specific tolerance induction strategies. Unfortunately, we have limited understanding on the underlying mechanisms that mediate tolerance resistance but certain evidence suggests that memory T cells, especially memory CD8 þ T cells are resistant to tolerance induction [43] . Interestingly, NK cells have been recently shown to acquire 'memory' features that are traditionally ascribed to T cells [44 ,45 ] , and the exact role of memory NK cells in transplant models, especially in tolerance induction is completely unknown. In addition, the impact of memory T cells and NK cells on the induction of active immune regulation and how the commonly used immunosuppressive drugs would affect this process remain incompletely defined. These areas should deserve more attention in transplant research in the future.
Conclusion
MHC class I molecules are selecting and presenting ligands regulating various aspects of CD8 þ T-cell and NK-cell development, maturation, and function. Both CD8 þ T cells and NK cells are involved in the allograft response but complex mechanisms determine the participation of these cell types and the resulting functional outcomes. Recent biochemical and structural studies have revealed significant insights into receptor-ligand interaction relevant to allorecognition by both CD8 þ T cells and NK cells. However, much remains to be understood about impacts of KIR polymorphisms upon recognition of different HLA class I ligands.
With the discovery of the functional heterogeneity of CD8 þ T cells and NK cells, it is also important to obtain a better understanding of the involvement of different cellular subsets in transplant rejection versus tolerance maintenance.
